JEM 



Brief Definitive Report 



The PSGL-1— L-selectin signaling complex 
regulates neutrophil adhesion under flow 

Anika Stadtmann,^'^ Giulia Germena/-^ Helena Block/ Mark Boras, ^-^ 
Jan Rossaint,^'^ Prithu Sundd/ Craig Lefort,"* Charles I. Fisher,"* 
Konrad Buscher,^ Bernadette Gelschefarth,^'^ Ana Urzainqui,^ 
Volker Gerke,^ Klaus Ley,"* and Alexander Zarbock^'^ 



9i 



s 

u 

X 

O 

u 
3 
O 

H 



CORRESPONDENCE 
Alexander Zarbock: 
zarbock@uni-muenster.de 

Abbreviations used: FRET, 
fluorescence resonance energy 
transfer; MFI, mean fluores- 
cence intensity; PLA, proximity 
ligation assay; PTx, pertussis 
toxin; qDF, quantitative dy- 
namic footprinting; SFK, Src 
family kinase; Syk, spleen 
tyrosine kinase; TIRF, total 
internal reflection fluorescence. 



'Department of Anesthesiology, Intensive Care, and Pain Medicine; and ^Institute of Medical Biochemistry, 
Center for Molecular Biology of Inflammation; University of Munster, 48149 Munster, Germany 
^Max Planck Institute for Molecular Biomedicine, 48149 Munster, Germany 
■•La Jolla Institute for Allergy and Immunology, La Jolla, CA 92037 
^Servicio de Inmunologia, Hospital de La Princesa, 28006 Madrid, Spain 



Neutrophils are recruited from the blood to sites of inflammation, where they contribute 
to immune defense but may also cause tissue damage. During inflammation, neutrophils 
roll along the microvascular endothelium before arresting and transmigrating. Arrest 
requires conformational activation of the integrin lymphocyte function-associated anti- 
gen 1 (LFA-1), which can be induced by selectin engagement. Here, we demonstrate that 
a subset of P-selectin glycoprotein ligand-1 (PSGL-1) molecules is constitutively associ- 
ated with L-selectin. Although this association does not require the known lectin-like 
interaction between L-selectin and PSGL-1, the signaling output is dependent on this 
interaction and the cytoplasmic tail of L-selectin. The PSGL-1 -L-selectin complex signals 
through Src family kinases, ITAM domain-containing adaptor proteins, and other kinases 
to ultimately result in LFA-1 activation. The PSGL-1 -L-selectin complex-induced signal- 
ing effects on neutrophil slow rolling and recruitment in vivo demonstrate the functional 
importance of this pathway. We conclude that this is a signaling complex specialized for 
sensing adhesion under flow. 



Neutrophils are essential to mammalian survival. 
Defects in neutrophil adhesion, recruitment, che- 
motaxis, or function lead to shortened lifespan 
because of bacterial and fungal infections. Among 
all leukocytes, neutrophils are probably the most 
efficient at achieving adhesion under flow at 
wall shear stress levels up to 20 dyn/ cm^. Here, 
we demonstrate that P-selectin glycoprotein 
ligand-1 (PSGL-1) and L-selectin interact on 
the cell suiiace of neutrophils and that this com- 
plex is necessary to trigger integrin activation 
after engagement of the PSGL-1— L-selectin 
complex by P- or E-selectin expressed on the 
inflamed endothelium. 

PSGL-1 is the main selectin receptor on 
neutrophils. It binds all three selectins (P-, E-, 
and L-selectin). P- and L-selectin bind closely 
apposed and overlapping sites located near the 
N terminus of PSGL-1 (Zarbock et al, 2011). 
In contrast, E-selectin binds to poorly defined 
sites closer to the plasma membrane (Zarbock 
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et al., 2011). Engagement of PSGL-1 leads to 
intracellular signaling events including activa- 
tion of different signahng molecules and inte- 
grins (Miner et al., 2008). However, the role of 
PSGL-1 signaling has remained elusive because, 
under physiological conditions in vivo, ligation 
of PSGL-1 by P-selectin does not lead to appre- 
ciable neutrophil activation and adhesion (Ley 
et al., 1995). This finding suggests that PSGL-1 
may not be the entire recognition system for 
selectins. However, PSGL-1 may be the hmiting 
receptor because it is expressed at only 25,000 
copies per neutrophil (Kappeknayer et al., 2001). 

L-selectin is the only selectin expressed on 
neutrophils. It is quite abundant at ^100,000 
copies per neutrophil (Lewinsohn et al., 1987). 
Like PSGL-1 (Zarbock et al, 2011), L-selectin 
is localized to the tips of neutrophil microvilli 
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(Bruehl et al., 1996). Upon neutrophil activation, L-selectin 
is rapidly shed from the cell surface, allowing neutrophils to 
migrate normally after extravasation (Venturi et al., 2003). 
Inhibiting L-selectin shedding promotes neutrophil activa- 
tion and adhesion (Hafezi-Moghadam et al., 2001). Although 
the cytoplasmic tail of L-selectin contains no known signaling 
motifs (Kansas, 1992), L-selectin ligation clearly triggers sig- 
naling events (Waddell et al., 1995). L-selectin ligation may 
induce integrin activation, but not all studies are well con- 
trolled (Sikorski et al, 1996; Giblm et al., 1997). 

It has been shown (Zarbock et al., 2008;Yago et al., 2010) 
that PSGL-1 on neutrophils recruits FcR"y and DAP-12, 
which are phosphorylated by Fgr to recruit spleen tyrosine 
kinase (Syk). Syk is required for SLP-76 activation, which 
subsequendy activates Bruton's tyrosine kinase (Btk; Block et al., 
2012). Activated Btk and adhesion and degranulation pro- 
moting adaptor protein regulate two pathways (Mueller et al., 
2010; Block et al., 2012). One pathway is phosphornositide-3- 
kinase 7 (PI3K7; Mueller et al, 2010) and P-Rex-1 (Herter 
et al., 2013) dependent, and the other pathway comprises 
phospholipase C 72 (PLC72), p38 niitogen-activated protein 
kinase, and Ras-related protein la (Mueller et al., 2010; 
Stadtmann et al., 201 1). Both signaling pathways result in exten- 
sion of the integrin lymphocyte function— associated antigen 1 
(LFA-1), enabling it to transiently bind its ligand intercellular 
adhesion molecule 1 (ICAM-1) in vitro (Kuwano et al., 2010) 
and in vivo (Zarbock et al., 2007). LFA-1 extension requires 
talin-1 (Lefort et al., 2012) and is detectable by conforma- 
tion-specific antibodies like KIM127 or NKI-L16. 

Here, we show that L-selectin is constitutively associated 
with a subset of PSGL-1, Lyn, Fgr, Hck, DAP12, and FCR7. 
This complex results in LFA-1 extension when PSGL-1 
engages E- or P-selectrn under shear stress. The lectin-Uke inter- 
action between PSGL-1 and L-selectin and the cytoplasmic 
tail of L-selectin are required for LFA-1 extension through 
this pathway. 

RESULTS AND DISCUSSION 

L-selectin and PSGL-1 form a complex in primary neutrophils 

First, we investigated whether L-selectin and PSGL-1 are 
localized in the same lipid raft fractions on neutrophils. By 
using a sucrose gradient, we showed that a small amount of 
PSGL-1 and L-selectin colocaUzes in some Upid raft fractions 
(Fig. 1 A). Next, we tested whether L-selectin coinimunopre- 
cipitates with PSGL-1 .This was the case in BM-derived neutro- 
phils (Fig. 1,B and C). 4RA10, an niAb to PSGL-1 that blocks 
its P- and L-selectin binding site, was as effective as 4RB12, a 
nonblocking niAb. The Western blot signal was not affected by 
whether neutrophils were stimulated by adhesion to E-selectin 
under shear conditions, suggesting that the interaction is con- 
stitutive. Blocking the lectin domain of L-selectin by an anti— 
L-selectin antibody (MEL- 14) did not disrupt its interaction 
with PSGL-1 (Fig. 1 C). Furthermore, we demonstrated that 
L-selectin and PSGL-1 interact at least in one lipid raft frac- 
tion (Fig. 1 D). By performing coimmunoprecipitation in 
primary neutrophils, we demonstrated that Src family kinases 



(SFKs) and Syk interact with PSGL-1 and L-selectin (Fig. 1 E). 
To determine which of the three SFKs expressed in neutrophils 
interact with the cytoplasmic tails of PSGL-1 and L-selectin, 
the cytoplasmic domains of PSGL-1 and L-selectin were 
fused to GST (Fig. 1 F) and incubated with cell lysates of 
primary neutrophils. The cytoplasmic tails of PSGL-1 and 
L-selectin interact with Fgr, Hck, Lyn, and Syk (Fig. 1 F). 
PLC72 does not interact with the cytoplasmic tail of PSGL-1 
and L-selectin (Fig. 1 F). 

The association between PSGL-1 and L-selectin 
increases after stimulation 

To assess colocalization of PSGL-1 with L-selectin at the 
microscopic level ('^200-nm resolution) , we interrogated neu- 
trophils rolling on P-selectin with quantitative dynamic foot- 
printing (qDF), a method based on total internal reflection 
fluorescence (TIRF; Sundd et al., 2012). This method inter- 
rogates the parts of the rolling neutrophil in close contact with 
the adhesive substrate.We used Mell4 antibody to L-selectin 
and 4RB12 antibody to PSGL-1. Binding was specific (Fig. 2, 
A and B). As expected, PSGL-1 and L-selectin colocalized 
in many microvilli and tether anchor points. Surprisingly, 
some microvilli appeared to express L-selectin only or PSGL-1 
only (Fig. 2, C and D).This suggests that, although PSGL-1 
and L-selectin are localized in lipid rafts on the tips of 
microvilli, they are not necessarily localized in the same rafts 
and may be sorted into these different rafts by different cellu- 
lar mechanisms. 

Because PSGL-1 engagement by selectins is known to 
be required for the signaling event (Zarbock et al., 2007), we 
used a proximity ligation assay (PLA) to probe how closely 
PSGL-1 and L-selectin were associated. This assay produces a 
fluorescent signal when the two molecules are within ^40 nm 
of each other, and the strength of the signal does not increase 
when the distance is shorter. We found that PSGL-1 and 
L-selectin were not within 40 nm of each other under resting 
conditions but moved to within this distance after Ugation 
with E-selectin (Fig. 2, E and F).To investigate whether selectin 
engagement induces coalescence of lipid rafts, we repeated the 
PLA in the presence and absence of methyl- P-cyclodextrrn 
or its inactive analogue a-cyclodextrin. Disrupting lipid rafts 
by methyl-(3-cyclodextrin diminished the increased proxim- 
ity between PSGL-1 and L-selectin after selectin engagement 
(Fig. 2 E). Fluorescence resonance energy transfer (FRET) 
quantitatively probes the distance between two molecules, 
and the signal is inversely proportional to the sixth power of 
the distance. We labeled PSGL-1 with an antibody coupled to 
Alexa Fluor 568 and L-selectin with an antibody coupled to 
Alexa Fluor 488 and performed FRET in mouse BM neu- 
trophils by flow cytometry (Lefort et al., 2012). A FBJiT sig- 
nal was detectable in nonstimulated cells, and its intensity 
significantly increased upon ligation with E-selectin (Fig. 2, 
G and H). L-selectin did not show FRTT with CXCR2. At 
least some of the PSGL-1 molecules were within ^5 nm of 
L-selectin molecules, and this number of molecules increased 
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Figure 1 . L-selectin and PSGL-1 form a complex In primary neutrophils. (A) Neutrophil lysate was centrifuged in a discontinuous sucrose 
gradient. Fractions collected from the top were analyzed by Western blotting [n = 3). (B and C) Lysates of WT BM-derived neutrophils (in the presence 
or absence of an anti-L-selectin antibody), which were plated on uncoated (unstimulated) or selectin-coated coverslips for 10 min, were immunopre- 
cipitated (IP) with either a blocking (4RA10) or a nonblocking (4RB12) PSGL-1 antibody, followed by immunoblotting (IB) with an L-selectin antibody 
[n = 3). (D) Lipid fractions were immunoprecipitated with an anti-PSGL-1 antibody, followed by immunoblotting with an L-selectin antibody (n = 3). 
(E) Neutrophil lysates were immunoprecipitated with either an anti-L-selectin or an anti-PSGL-1 antibody, followed by immunoblotting with an anti- 
body against PSGL-1, L-selectin, c-Src, Syk, or PLC"y2 (n = 3). (F) GST or GST fusion proteins containing the cytoplasmic tail of PSGL-1 or L-selectin 
were bound to glutathione-Sepharose beads and incubated with neutrophil cell extracts. The proteins, which were pulled down (PD), were analyzed 
by Western blot with antibodies against Fgr, Hck, Lyn, Syk, and PLC72 (n = 3). 



or their distance significantly decreased with E-selectin stimula- 
tion. Collectively, the qDF and FRET data indicate that some 
of the PSGL-1 and L-selectin constitutively exist in close prox- 
imity to each other and this proximity increases after selectin 



engagement. The biochemistry data together with the signals 
detected by the PLA and FBJiT assay demonstrate that some 
PSGL-1 constitutively interacts with L-selectin and that this in- 
teraction increases after selectin engagement. 
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Figure 2. The association between PSGL-1 and L-selectin increases after stimulation. (A-C) Representative images of neutroplnils rolling on a 
P-selectin-coated substrate using qDF microscopy. Cells were stained with an antibody for L-selectin (Mel-14, Alexa Fluor 488 coupled; A) or an IgGjjK 
control antibody (Alexa Fluor 488 coupled; B) and Dil for visualizing the cell membrane [n = 3). The small arrows in A-C signify a 'sling' at the front of a 
rolling neutrophil. Gray arrows indicate the direction of flow. (C) Cells were stained with an Alexa Fluor 488-Mel14 antibody to L-selectin and an Alexa 
Fluor 568-4RB12 antibody to PSGL-1 showing the distribution of these two molecules on the cell surface during rolling in a flow chamber coated with 
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L-selectin and PSGL-1 are required for LFA-1 -dependent 
slow leukocyte rolling in vitro and in vivo mediated by selectins 

WT neutrophils rolled on E-selectin at ^2 )j,m/s, and this 
rolling velocity was reduced to ^1 )j,ni/s when ICAM-1, a 
ligand for LFA-1, was added to the substrate (Fig. 3 A). This 
reduction of rolling velocity is LFA-1 dependent (Zarbock 
et al., 2007). The ICAM-1— dependent velocity reduction was 
completely abolished in Sell~'~ neutrophils (Fig. 3 A). Simi- 
larly, the reduction of the rolling velocity was abolished by a 
blocking antibody to L-selectin (MEL-14) but not by isotype 
control (Fig. 3 B).The rolling velocities on P-selectin were 
higher (Fig. 3, C and D), and blocking or eliminating L-selectin 
completely abolished the velocity drop induced by adding 
ICAM-1 to the substrate. 

To test whether L-selectin engagement alone was suffi- 
cient to induce slow rolling, we coated flow chambers with 
recombinant PSGL-1, a ligand for L-selectin. Characteristic 
of L-selectin— mediated rolling, the rolling velocity was high 
(^^60 |jni/s). In WT neutrophils, this rolling velocity was re- 
duced by ^50% when ICAM-1 was added to the PSGL-1 
substrate, and this reduction was LFA-1 dependent because 
an antibody to LFA-1 completely blocked it (Fig. 3 E). Inter- 
estingly, neutrophils isolated from Selplg^'^ mice lacking 
PSGL-1 failed to reduce their rolling velocity on PSGL-1 
and ICAM-1, suggesting that both L-selectin and PSGL-1 
were required for signaling and LFA-1 extension, even on an 
L-selectin ligand. 

Fgr (Zarbock et al, 2008) and Syk (Zarbock et al., 2007) 
are known to be required for PSGL-1— induced slow rolling, 
but the involvement of L-selectin was not tested previously. 
To test whether L-selectin used similar signaling compo- 
nents, we compared neutrophil rolling on PSGL-1 alone or 
co-immobilized with ICAM-1. Both Fgv^'^ and Syk~'~ 
neutrophils were unable to reduce their rolling velocity 
(Fig. 3 F), confirming that the PSGL-1 and L-selectin signal- 
ing pathways converged on the same kinases. To address which 
part of L-selectin was required for signaling, we introduced 
the soluble L-selectin cytoplasmic tail into neutrophils as TAT 
peptides. L-selectin cytoplasmic tail, but not a scrambled pep- 
tide, completely blocked the reduction of rolling velocity in- 
duced by co-immobilizing lCAM-1 with PSGL-1 (Fig. 3 G). 
Furthermore, we demonstrated that the L-selectin cyto- 
plasmic tail abolished selectin-induced signaling (Fig. 3 H). 
We conclude that the soluble L-selectin tail competes with 



endogenous L-selectin and thus prevents signaling. To more 
directly test the role of L-selectin cytoplasmic tail in LFA-1 
extension, we used human neutrophils. KIM127 is a mAb 
that reports extension of human LFA-1 (Robinson et al., 
1992). When KIM127 was co-immobilized with PSGL-1 
in the flow chamber, untreated human neutrophils (con- 
trol) or neutrophils treated with a scrambled L-selectin tail 
peptide immobilized at significandy higher levels than back- 
ground (Fig. 3 I). L-selectin tail peptide completely abolished 
this, suggesting that overexpression of the L-selectin cyto- 
plasmic tail effectively prevents L-selectin— induced extension 
of LFA-1. 

To test whether L-selectin was also required for slow 
leukocyte rolling in vivo, we investigated venules of the mouse 
cremaster muscle. In this model, rolling is induced by inject- 
ing TNF and is dependent on P- and E-selectin. We injected 
mice with pertussis toxin (PTx) to block Ga-dependent 
chemokine receptor signahng and niAb BJ340.34 to block 
P-selectin so that roUing was only dependent on E-selectin, 
LFA-1, and ICAM-1 as described previously (Zarbock et al., 
2007). The rolling velocity in WT mice was ^4 \an/ s but was 
increased to 6 |ani/s in Sell^'^ mice (Fig. 3 J). The number of 
adherent leukocytes was dramatically reduced by 70% in this 
model (Fig. 3 K), as was the number of leukocytes that had 
emigrated into the perivascular tissue (Fig. 3 L).This defect 
was not apparent when chemokine receptor signaling was left 
intact (not depicted), suggesting that the L-selectin— dependent 
activation pathway was redundant with chemokine-dependent 
activation. To assess the importance of the L-selectin cytoplas- 
mic tail in vivo, we reconstituted L-selectin— deficient neu- 
trophils with a WT (LLL) or mutated L-selectin construct 
(LAcyto; this construct lacks the last 11 aa of the cytoplasmic 
tail of L-selectin) and performed intravital microscopy of the 
M. cremaster 2 h after intrascrotal TNF injection. Neutrophils 
reconstituted with LAcyto showed an elevated rolling veloc- 
ity in vivo compared with L-selectin— deficient neutrophils 
reconstituted with the LLL construct (Fig. 3 M), suggesting 
that the cytoplasmic tail of L-selectin is required for down- 
stream signaling and slow leukocyte rolling. A smaller, but stiU 
significant effect on P-selectiii— dependent rolling velocity was 
also seen in mice in which E-selectin was blocked (not depicted). 
Collectively, these functional data show that L-selectin is re- 
quired for PSGL-1— dependent integriii activation, slow roll- 
ing, and leukocyte recruitment in vitro and in vivo. 



P-selectin (n = 3). (D) Quantification of tlie number of tethers per cell positive for L-selectin or PSGL-1 or showing a colocalization of L-selectin and 
PSGL-1 (n = 3). (E and F) Representative images (F) and quantification (E) of the MFI of a PLA of unstimulated and E-selectin-stimulated BM-derived neu- 
trophils from WT mice in the presence or absence of methyl-p-cyclodextrin or its inactive analogue oi-cyclodextrin [n = 3). Using antibodies of different 
species (4RB12 for PSGL-1 and N-18 for L-selectin) and species-specific secondary antibodies coupled to a DNA strand, a reaction using rolling circle 
amplification and ligation is started when the two molecules are in close proximity. A fluorescent signal is produced when two tested molecules are 
within ~40 nm of each other. DIG, differential interference contrast. (G and H) Quantification of the MFI of FRET experiments comparing unstimulated 
and E-selectin-stimulated neutrophils. FRET was tested by flow cytometry between L-selectin (labeled by anti-L-selectin antibody LAM1-101 antibody 
coupled to Alexa Fluor 488) and PSGL-1 (labeled by an anti-PSGL-1 antibody 4RB12 coupled to Alexa Fluor 488) and as a negative control, L-selectin and 
CXCR2 In = 3). (D, E, G, and H) Data are presented as means ± SEM. *, P < 0.05. Bars, 5 |jm. 
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Figure 3. L-selectin and PSGL-1 are required for LFA-1 -dependent slow leul<ocyte rolling in vitro and in vivo mediated by selectins. 

(A-D) Rolling velocities on E-selectin and E-selectin/ICAM-l (A and B) or P-selectin and P-selectin + ICAM-l (C and D) of neutrophils from WT [n = 3) 
and Se//"/" [n = 3) mice (A and C) or neutrophils from WT mice treated with Fab fragments of an IgG {n = 3) or a monoclonal L-selectin antibody 
(n = 3; B and D). (E) Rolling velocity of isolated WT neutrophils in the presence [n = 3) or absence of an anti-LFA-1 mAb (n = 3) and Selplg^^^ neutro- 
phils [n = 3) on PS6L-1 and PSGL-1 + ICAM-l. (F) Rolling velocity of neutrophils from Syt'- [n = 3), Fgr'- {n = 3), and WT (n = 3) mice on PSGL-1 
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SFK activity and downstream signaling 
is dependent on L-selectin 

To test the signaling events downstream of PSGL-1 engage- 
ment in the presence or absence of L-selectin, we used neu- 
trophil adhesion under shear stress. Lysed adherent cells were 
immunoprecipitated for the SFKs expressed in neutrophils 
and then probed with an antibody toY416 pSrc. As expected, 
Fgr, Lyn, and Hck were all phosphorylated by incubation on 
E- or P-selectin under shear (Fig. 4 A) but not without shear 
(not depicted). Fgr, Hck, and Lyn phosphorylation was com- 
pletely abrogated in Sell~^^ neutrophils (Fig. 4 A). When Syk 
was immunoprecipitated and blotted for PY, we found the 
expected phosphorylation, which was completely abrogated 
in SeU~^~ neutrophils on E- and P-selectin (Fig. 4 A). 

Akt, Syk, and PLC72 are phosphorylated in WT, but not 
Sell^'^ , neutrophils after stimulation with E- or P-selectin 
(Fig. 4 A). Collectively, we conclude that L-selectin is required for 
the known signaling events induced by PSGL-1 engagement 
under shear stress. The dependence on L-selectin is as abso- 
lute as the dependence on PSGL-1 because phosphoryla- 
tion of Syk, Akt, and PLC72 was also completely abolished 
after stimulating Selplg^'^ neutrophils with E- or P-selectin 
(Fig. 4 B). Blocking the lectin domain of L-selectin by MEL- 14 
abolished Syk phosphorylation (Fig. 4 C), suggesting that 
the lectin domain is required for downstream signaling after 
selectin engagement. 

Because we find that the cytoplasmic tail of L-selectin can 
effectively block signaling through PSGL-1 or L-selectin, it is 
Hkely that the cytosolic domain of L-selectin is involved in as- 
sembling the PSGL-1— L-selectin complex. L-selectin ligation has 
previously been reported to trigger signaling events (Waddell 
et al., 1995). However, these data are difficult to interpret be- 
cause intact antibodies were used for L-selectin cross-linking, 
which may have activated Fc receptors, and because none of 
the assays were performed under physiological shear stress. 
Based on our current data, we think that PSGL-1 is required 
for L-selectin signaling, and vice versa, L-selectin is required 
for PSGL-1 signaling in neutrophils. Therefore, we propose a 
complex consisting of at least L-selectin and PSGL-1. 

Our findings reported here most likely explain the severe 
neutrophil recruitment defect seen in mice treated with an 



antibody to L-selectin (Lewinsohn et al., 1987) or an L-selectin— 
Ig fusion protein (Watson et al., 1991). Our new findings are 
also consistent with the neutrophil recruitment defect seen in 
Sell^'^ mice (Arbones et al., 1994). These previous studies 
had triggered a search for an endothelial ligand for L-selectin 
in nonlymphoid venules, but this putative Hgand has remained 
elusive (Axelsson et al., 2012). The proposed role of L-selectin 
as a required transmembrane signaling molecule in the PSGL- 
1— L-selectin complex provides an attractive alternative expla- 
nation for these findings. It remains to be seen whether other 
immune cells coexpressing L-selectin and functional PSGL-1 
can assemble PSGL-1— L-selectin— like receptor complexes. 
We think the PSGL-1— L-selectin complex— mediated LFA-1 
activation is, in part, redundant with cheniokine-mediated 
LFA-1 activation. It is possible that PSGL-1— L-selectin com- 
plex—dependent events dominate neutrophil recruitment in 
some tissues and organs, and chemokine-dependent events 
may dominate in others. 

MATERIALS AND METHODS 

Animals. 8-12-wk-old C57BL/6 (JANVIER), Self - (Arbones et al., 1994), 
Selplg-'- pCia et al., 2002), F^r '"(Zarbock et al, 2008), and Syfe"'" (Mueller 
et al., 2010) mice were housed in a special pathogen-free facility. The Animal 
Care and Use Committees of the La JoUa Institute for Allergy and Immunology 
and the University of Mtinster approved all animal experiments. 

BM chimeras were generated by i.v. injection of unfractionated fetal 
liver cells o[ Syk~^~ mice into lethally irradiated WT mice (9.5 Gy). Experi- 
ments were performed 6—8 wk after transplantation (Zarbock et al., 2007). 

L-selectin TAT fusion mutants. In brief, isolated human blood neutro- 
phils were incubated with TAT fusion mutants (GenScript, 2 ^iM, 37°C, 
30 niin) and subsequently used in flow chamber experiments. Cells were in- 
cubated either with an L-selectin TAT peptide, containing the intracellular 
tail of L-selectm plus a TAT sequence (YGRKKRRQRRRGRRLKKG- 
KKSKRSMNDPY) or a scrambled control peptide (YGRKKRRQRR- 
RGPRMGRKRKKLSYNKKSD). Both peptides were FITC conjugated 
(N-terminal conjugation). 

Intravital microscopy. Mice were anesthetized using injection of 125 mg/kg 
ketamine hydrochloride (SanofiWinthrop Pharmaceuticals) and 12.5 mg/kg 
xylazine (TranquiVed, Phonix Scientific) i.p., and the cremaster muscle was 
prepared for intravital imaging as previously described (Zarbock et al., 2007, 
2008; Mueller et al., 2010; Block et al., 2012). Postcapillary venules with 
a diameter between 20 and 40 f^m were investigated. To determine selectin- 
mediated slow rolling, adhesion, and transmigration in vivo, mice were 



and PSGL-1 + ICAM-l. (G) Rolling velocities were determined for untreated or TAT peptide-pretreated isolated human neutrophils {n = 3). (A-G) Data 
are presented as means + SEM. (H) Whole blood-derived human neutrophils were plated on uncoated (unstimulated) or selectin-coated wells for 
10 min, and then lysates were prepared. Representative Western blots of total lysates of neutrophils pretreated with scrambled or L-selectin-TAT pep- 
tides showing the phosphorylation of Akt. Total lysates were immunoblotted with antibodies to phosphorylated Akt (Serin473) or total Akt (n = 3). 
(I) The number of adherent cells on a reporter antibody-coated flow chamber was determined for untreated or TAT peptide-pretreated isolated human 
neutrophils {n = 3). Data are presented as means ± SEM. (J-L) Intravital microscopy of postcapillary venules in the murine cremaster muscle, 2 h after 
intrascrotal TNF injection. (J) Cumulative histogram of the rolling velocities of WT (closed circles) and Selt^^ [open circles) neutrophils after treat- 
ment with PTx and a monoclonal P-selectin antibody [n = 3). Inset data are means + SEM. (K and L) Adherent cells (K) and the number of extravasated 
cells (L) in WT and Selh^^ mice were determined after PTx injection 2 h before the experiment [n = 3). Data are presented as means ± SEM. (L) Repre- 
sentative reflected light oblique transillumination pictures of postcapillary venules of PTx-pretreated WT and Selt^^ mice 2 h after TNF application. 
Transmigrated leukocytes are encircled. Bars, 50 pm. (M) Mixed chimeric mice were generated by injecting retrovirally transduced hematopoietic stem 
cells (L-selectin-WT construct, ILL; LAcyto construct, LAcyto; empty vector; and not transfected cells, Selh^^) from Selt^^ mice into lethally irradi- 
ated WT mice. Mean rolling velocity ± SEM of untransduced and transduced leukocytes in inflamed cremaster muscle venules of mixed chimeric mice 
[n = 3) treated with PTx and a monoclonal blocking P-selectin antibody is shown. *, P < 0.05. 
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Figure 4. SFK activity and downstream signal- 
ing is dependent on L-selectin. (A and B) BM- 

derived neutrophils were plated on uncoated 
(unstimulated) or E-selectin- or P-selectin- 
coated coverslips for 10 min, and then lysates 
were prepared. Representative Western blots of 
either immunoprecipitations or total lysates of 
neutrophils of WT and Se//"'" mice showing 
the phosphorylation of Fgr, Lyn, and Hck and 
the downstream molecules Syk, PLC72, and Akt. 
(A) Lysates were immunoprecipitated (IP) with 
an Fgr, Hck, Lyn, or Syk [n = 3 each) antibody 
followed by immunoblotting (IB) with a pSrc 
(Tyr416), a general phosphotyrosine (4G10) anti- 
body, or total Fgr, Hck, Lyn, or Syk antibodies. 
Total lysates were immunoblotted with antibod- 
ies to phosphorylated PLC72 (Tyr1217), total 
PLC-/2, phosphorylated Akt, and total Akt [n = 3 
each). (B) Lysates of neutrophils of WT and 
Selplg^l^ mice were immunoprecipitated or immuno- 
blotted, demonstrating the phosphorylation 
of Syk, PLC72, and Akt. Lysates were immuno- 
precipitated with a Syk [n = 3) antibody, fol- 
lowed by immunoblotting with a general 
phosphotyrosine (4G10) antibody or a total Syk- 
antibody. Total lysates were immunoblotted with 
antibodies to phosphorylated PLC"y2 (Tyr1217), 
total PLC72, phosphorylated Akt, or total Akt 
[n = 3 each). (C) Lysates of WT neutrophils pre- 
treated with Fab fragments of an anti-L-selectin 
antibody or an isotype control were immunopre- 
cipitated, demonstrating the phosphorylation of 
Syk. Lysates were immunoprecipitated with a Syk 
{n = 3) antibody followed by immunoblotting 
with a general phosphotyrosine (4G10) antibody 
or a total Syk-antibody [n = 3). 
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injected intrascrotally with 500 ng TNF (R&D Systems) and optional with 
4 |ag PTx i.v. (Signm^Aldrich) 2 h before the preparation of the cremaster mus- 
cle. In experiments investigating E-selectin— or P-selectin— mediated slow roll- 
ing, mice received a blocking anti— E-selectin (9A9) or anti— P-selectin antibody 
(RJ340.34; 30 ^g/mouse i.v.). Intravital microscopy was performed on an up- 
right microscope (Axioskop; Carl Zeiss) with a 40X 0.75 NA saline immersion 
objective. Leukocyte rolling velocity and leukocyte adhesion were determined 
by transillumination intravital microscopy, whereas leukocyte extravasation was 
investigated by reflected light oblique transillumination microscopy as previ- 
ously described (Mueller et al., 2010; Block et al., 2012). Recorded images were 
analyzed off-line using ImageJ (National Institutes of Health) and Axio Vision 
(Carl Zeiss) software. Emigrated cells were determined in an area 75 x 100 [.mi 
to each side of a vessel (representing 1.5 x 10"^ [im^ tissue area). The microcir- 
culation was recorded using a digital camera (Sensicam QE; Cooke). Blood 
flow centerline velocity was measured using a dual photodiode sensor sys- 
tem (Circusoft Instrumentation). Centerline velocities were converted to 
mean blood flow velocities as previously described (Zarbock et al., 2007, 
2008; MueUer et al., 2010; Block et al., 2012). 

Hematopoietic stem cell isolation and retroviral transduction. Trans 
duction of hematopoietic stem cells was performed as previously described 
(Block et al., 2012). The retroviral constructs pMlG— L-selectin (LLL) and 
pMIG-LAcyto (provided by G.S. Kansas, Northwestern University, Chicago, 
IL) were used (Dwir et al., 2001). The transduced cells were injected i.v. into 
lethaUy irrachated WT mice (9.5 Gy). Intravital microscopy experiments 



were performed 6—8 wk after BM transplantation, and transduced neutro- 
phils in the microcirculation of the transplanted mice were identified as 
GFP+ cells. 

Flow chamber systems. To investigate the roUing velocity of murine neutro- 
phils on E- or P-selectin, we used a previously described flow chamber sys- 
tem (Zarbock et al., 2007, 2008; Mueller et al., 2010; Block et al., 2012). 
Rectangular glass capillaries (20 x 200 f^m) were fiUed either with 2.5 |ag/ml 
E-selectin (R&D Systems) or 20 [ig/ ml P-selectin (R&D Systems) alone or in 
combination with ICAM-1 (2 ^g/ml in combination with E-selectin, 5 |ag/ml 
in combination with P-selectin; R&D Systems) for 2 h and then blocked for 
2 h using 1% casein (Thermo Fisher Scientific). One side of the chamber was 
connected to a PE 10 tubing (BD) and inserted into a mouse carotid artery. 
The other side of the chamber was connected to a PE 50 tubing (BD) and 
used to control the wall shear stress in the capillary. One representative field 
of view was recorded for 1 min using an SW40/0.75 objective and a digital 
camera (Sensicam QE). 

In some experiments, blood was collected by cardiac puncture and incu- 
bated with Fab fragments (10 ^g/ml) of a blocking anti— L-selectin antibody 
(Mel-14; rat IgG2aK) or Fab fragments of a rat IgG antibody. In some experi- 
ments, WT mice received 30 |.ig Fab fragments of a blocking anti— L-selectin 
antibody (Mel-14; rat IgG2aK) or Fab fragments of a rat IgG antibody before 
the experiment. 

To investigate the rolling velocity of human blood neutrophils or murine 
BM-derived neutrophils on PSGL-1, we used a parallel plate flow chamber 
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system (GlycoTech) coated either with 5 )j.g/ml PSGL-1 alone (disulfide- 
hnked homodimer; R&D Systems) or in combination with 5 |j.g/ml 
ICAM-1 (R&D Systems). Murine and human neutrophils were isolated 
using the EasySep negative cell isolation systems (EasySep mouse/human 
neutrophil enrichment kit; STEMCELL Technologies) according to the 
manufacturer's instructions. 

To investigate the integrin conformation on human blood neutrophils, 
the parallel plate flow chamber system was coated with 5 p.g/ml PSGL-1 in 
combination with 25 p.g/ml of the P^-integrin reporter antibody (KlM-127) 
or 25 p-g/ml of a mouse IgG antibody. The number of adherent cells per 
field of view was detemiined. 

Isolation of lipid raft proteins. Proteins located in lipid rafts were isolated 
exactly as described previously (Scheel-Toellner et al., 2004). In brief, 5x10^ 
neutrophils were lysed on ice in Triton-containing buffer (10 niM Tris, 
pH 7.5, 150 mM NaCl, 5 niM EDTA, 1 niM NaV04, 10 )ag/ml of pepstatm 
A, aprotinin, and leupeptin, 4 mM AEBSF, and 1% Triton X-100). Cell debris 
was removed, and the lysate was adjusted to 42% sucrose, transferred to a 15-ml 
polypropylene centrifuge tube, overlaid with lysis buffer containing 30% and 
5% sucrose, respectively, and spun at 200,000 g for 16—18 h. Fractions of 1.25 ml 
were eluted from the centrifuge tube, and the proteins were collected by 
TCA precipitation before analysis by Western blotting for the presence of 
L-selectin and PSGL-1. Raft fractions were identified using Flotillin-1 as a 
positive marker of lipid rafts. 

qDF microscopy. qDF microscopy was performed as described previously 
(Sundd et al., 2012). In brief, a 1 .5-mm-thick polydimethylsiloxane (PDMS) 
chip with microchannels was sealed against a coverslip using a magnetic 
clamp. The microchannels were connected to an inlet. The exposed surface 
of the glass was coated by incubating with 2 fig/ml of murine P-selectin— Fc 
(R&D Systems) at room temperature for 30 min. After the incubation, the 
surface of the coversHp was blocked by incubating with 1% casein in PBS for 
30 min at room temperature. 

Murine neutrophils were isolated from BM of WT mice by negative se- 
lection (EasySep mouse neutrophil enrichment kit; STEMCELL Technolo- 
gies) and stained with Alexa Fluor 488— conjugated anti— L-selectin niAb 
(Mell4) and Alexa Fluor 568-conjugated anti-PSGL-1 niAb (4RB12) or an 
Alexa Fluor 488— conjugated IgG control antibody (rat IgG2aK). Microscopy 
was performed using an inverted TIRF microscope (1X71; Olympus) to 
study the footprints of rolling neutrophils. The used wall shear stress was 
10 dyn/cni^. For data analysis, SlideBook Software was used as previously 
described (Sundd et al., 2012). 

FRET. BM from C57BL6/J mice was isolated in Hanks' balanced salt solution 
containing CaCl2, MgCl2, and 0.5% rat serum. BM cells were labeled with Alexa 
Fluor 647— conjugated anti-Ly6G mAb, DyLight488-conjugated anti— L-selectin 
niAb (clone LAMl-101, nonblocking; provided by T.F. Tedder, Duke Uni- 
versity, Durham, NC), Alexa Fluor 568— conjugated anti— PSGL-1 mAb (clone 
4RB12), and/or Alexa Fluor 568-conjugated anti-CXCR2 mAb (R&D Sys- 
tems). Flow cytometry was perfomied using an LSR-II (BD) and the following 
laser-filter combinations: 488ex/525em for DyLight488, 561ex/610em for 
Alexa Fluor 568, 640ex/670em for Alexa Fluor 647, and 488ex/605em for the 
FP^T channel (DyLight488 > Alexa Fluor 568). Mean fluorescence intensity 
(MFI) of Ly6G"'" neutrophils was acquired for all channels. The FP^T channel 
was corrected for bleed-through using single-label controls. 

PLA. The PLA was performed according to the manufacturer's protocol 
(OLINK Bioscience). In brief, unstimulated or E-selectin— stimulated (10 min, 
rotating conditions on E-selectin— coated glass coversHps) WT neutrophils 
(untreated or a-cyclodextrin or methyl- p-cyclo dextrin treated) were fixed 
with EtOH (80%t, 4°C, 10 min). After three washing steps using TBS, slides 
were blocked with the manufacturers blocking solution for 30 min. An anti— 
L-selectm niAb (N-18) and anti-PSGL-1 niAb (4RB12) were used as pri- 
mary antibodies (1 h, 4°C). After a washing step, species-specific secondary 
antibodies were added as PLA probes and incubated for 1 h. For detection of 



the fluorescent signal, ligation, amplification, and washing steps were per- 
formed according to the manufacturer's instructions. 

E- and P-selectin engagement with PSGL-1. For biochemical assays, 
BM-derived WT, ScU~'~, and Selplg~^~ neutrophils or human whole blood- 
derived neutrophils were isolated, suspended in PBS (containing 1 mM each 
CaCl2 and MgCl2), and left untreated or were pretreated with 1 niM EGTA. 
Subsequently the cells were incubated under rotating conditions (65 rpm) for 
10 min on 3 fig/ml E-selectin— or 5 p-g/nil P-selectin— coated coverslips in 
multiwell plates (Zarbock et al., 2008; Mueller et al., 2010; Block et al., 2012). 
Cells were lysed in RIPA buffer, and lysates were boiled with sample buffer 
(10 min, 95°C) or incubated with Sepharose A/G beads (Santa Cruz Bio- 
technology, Inc.) and anti-Fgr, anti-Hck, anti-Lyn, anti-Syk, anti— L-selectin 
(Santa Cruz Biotechnology Inc.), or anti-PSGL-1 (4RB12 or 4P^10) anti- 
body for 4 h at 4°C. Beads were washed four times, and bound proteins were 
eluted by adding boiling sample buffer. Cell lysates and immunoprecipitates 
were run on 10% SDS-PAGE and immunoblotted using antibodies against 
phosphotyrosme (4G10; EMD Millipore), Akt, phospho-Akt (Ser473), PLC72, 
phospho-PLC72 (Tyrl217), and phospho-Src (Tyr416; all fi-om Cell Signahng 
Technology) and L-selectin, Fgr, Hck, Lyn, and Syk (Santa Cruz Biotech- 
nology, Inc.). Immunoblots were developed using an ECL system (GE Health- 
care). Densitometric quantification was performed using ImageJ software. 

Pull-down of proteins from cell extracts with GST fusion proteins. 

The GST— PSGL-1 (provided by F. Sanchez-Madrid, Centro Nacional de 
I nvestiga clones Cardiovasculares, Madrid, Spain) and GST— L-selectin con- 
structs containing the full-length cytoplasmic region of PSGL-1 or L-selectin 
were generated by PCR (Urzainqui et al., 2002). The puU-down of proteins 
from HL-60 cells extracts was performed as previously described (Urzainqui 
et al.,2002). 

Statistics. Statistical analysis was performed with SPSS Statistics (version 
21.0; IBM). Difterences between the groups were evaluated by one-way 
ANOVA, Student-Newman-Keuls test, or Student's t test where appropri- 
ate. Data are presented as mean ± SEM, and P < 0.05 was considered sta- 
tistically significant. 
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